[1] A series of seasonally distributed measurements from the six largest Arctic rivers (the Ob', Yenisey, Lena, Kolyma, Yukon and Mackenzie) was used to examine the magnitude and significance of Arctic riverine DIC flux to larger scale C dynamics within the Arctic system. DIC concentration showed considerable, and synchronous, seasonal variation across these six large Arctic rivers, which have an estimated combined annual DIC flux of 30 Tg C yr À1 . By examining the relationship between DIC flux and landscape variables known to regulate riverine DIC, we extrapolate to a DIC flux of 57 AE 9.9 Tg C yr À1 for the full pan-arctic basin, and show that DIC export increases with runoff, the extent of carbonate rocks and glacial coverage, but decreases with permafrost extent. This panarctic riverine DIC estimate represents 13-15% of the total global DIC flux. The annual flux of selected ions (HCO 3 À , Na + , Ca 2+ , Mg 2+ , Sr 2+ , and Cl À ) from the six largest Arctic rivers confirms that chemical weathering is dominated by inputs from carbonate rocks in the North American watersheds, but points to a more important role for silicate rocks in Siberian watersheds. In the coastal ocean, river water-induced decreases in aragonite saturation (i.e., an ocean acidification effect) appears to be much more pronounced in Siberia than in the North American Arctic, and stronger in the winter and spring than in the late summer. Accounting for seasonal variation in the flux of DIC and other major ions gives a much clearer understanding of the importance of riverine DIC within the broader pan-arctic C cycle.
Introduction
[2] The Arctic Ocean watershed encompasses over 15% of the global terrestrial landmass, and is changing rapidly. The hydrologic cycle is intensifying throughout the Arctic region [Rawlins et al., 2010] , leading to a several-decades trend in increasing discharge from Eurasian rivers [Peterson et al., 2002; McClelland et al., 2006] , and increasing discharge from North American rivers beginning in 1989 [Déry et al., 2009] . In addition, active layers are deepening in both Siberia and the North American Arctic [Oelke et al., 2004] , while treelines are advancing [Harsch et al., 2009] . These changes, among others, can be expected to lead to an altered biogeochemical signature in rivers throughout the pan-arctic [e.g., Frey and McClelland, 2009] , and changes in the flux of numerous biogeochemical constituents, including dissolved organic C (DOC), dissolved inorganic C (DIC), and dissolved inorganic and organic N have already been observed [Striegl et al., 2005; McClelland et al., 2007; Walvoord and Striegl, 2007] . At the same time, the Arctic Ocean is small relative to its large catchment, and therefore particularly influenced by inputs from land [McClelland et al., 2012] , and susceptible to the ongoing change occurring throughout its watershed.
[3] Despite the clear importance of rivers to the larger Arctic system, until recently there was no methodologically consistent set of measurements of the biogeochemical composition of the world's major circumpolar rivers . While the composition of large high latitude North American rivers has been relatively well documented Striegl et al., 2007; Emmerton et al., 2008] , measurements from Eurasian rivers have been sporadic, and in some cases unreliable [e.g., Holmes et al., 2001] . Apart from the Yukon River, published constituent measurements are also overwhelmingly from the summer, outside of the critical freshet and under-ice periods . This lack of full seasonal coverage significantly impedes our ability to understand the true flux of riverine constituents because concentrations change markedly across the annual hydrograph, and extrapolation from limited summertime measurements can cause significant under-or over-estimates of yearly fluxes . To address these issues, the PARTNERS Project (Pan-Arctic River Transport of Nutrients, Organic Matter, and Suspended Sediments ) was initiated to measure the biogeochemistry of the world's six largest circumpolar rivers: the Ob', Yenisey, Lena, Kolyma, Yukon, and Mackenzie, with sample collection distributed across the annual hydrologic cycle. These six rivers provide more than half of the freshwater flux to the Arctic Ocean, and drain a total catchment area of 10.9 Â 10 6 km 2 . The Arctic Great Rivers Observatory (Arctic-GRO; 2009-current) followed on PARTNERS (2003) (2004) (2005) (2006) , and continues to measure the biogeochemistry of these rivers using identical protocols, sampling sites, and similarly obtaining measurements throughout the year, with a focus on the freshet and underice periods. To date, data from these projects has led to significantly improved annual and seasonal estimates of the riverine flux of DOC and inorganic and organic nutrients to the Arctic Ocean Holmes et al., 2012] , in addition to improved flowweighted mean estimates of riverine alkalinity concentration [Cooper et al., 2008] .
[4] Both on land and in the ocean, DIC (the sum of CO 2(aq) / H 2 CO 3 , HCO 3 À and CO 3 2À ) is an important component of the overall C cycle. On land, a majority of the HCO 3 À and CO 3 2À flux from rivers is derived from chemical weathering, which, with organic carbon storage on land, represents one of the two major terrestrial sinks for atmospheric CO 2 . During chemical weathering, CO 2(aq) (i.e., in equilibrium with H 2 CO 3 ) is transformed to bicarbonate (HCO 3 À ) which can be transported to the ocean. Chemical weathering produces bicarbonate as a result of reaction with either silicate or carbonate rock. Silicate weathering (1) causes all bicarbonate to be produced from CO 2 fixation. In the absence of pyrite oxidation (see section 3.5) or other sources of acid (but see Perrin et al. [2008] ), carbonate weathering (2) causes half of the bicarbonate to be derived from CO 2 , and the other half directly from rock dissolution. These reactions are shown using olivine and calcite as examples:
Thus, the composition of the weathering material directly regulates the degree to which that DIC acts as a CO 2 sink. Additionally, although both silicate and carbonate weathering, and the resulting land-to-ocean DIC flux, are an integral component of the terrestrial C sink [e.g., Raymond and Cole, 2003] , they sequester C on very different time scales. While the weathering of silicates can sequester CO 2 over millionyear time scales, carbonate weathering sequesters CO 2 on the scale of thousands to hundreds of thousands of years, as a result of CO 2 release during the biological sequestration of CaCO 3 from Ca 2+ and HCO 3 À in the oceans [Berner et al., 1983; Sundquist, 1991] . Two previous studies have presented estimates of silicate and carbonate weathering from Arctic watersheds, both using ratios of weathering constituents (Ca 2+ , Na + , Mg 2+ and Sr 2+ ) derived from point measurements : Millot et al. [2003] , who undertook a detailed, subcatchment-specific analysis of weathering in the Mackenzie basin, and Gaillardet et al. [1999] , who include all six PARTNERS rivers in an assessment of weathering in the world's 60 largest watersheds. Despite their clear contribution, however, neither study assessed how the known seasonal variation in constituent concentrations might affect estimates of weathering source.
[5] While river water is the main source of bicarbonate to the global ocean, the burial of CaCO 3 in sediments, after calcification by marine organisms, is its main sink [Mackenzie and Garrels, 1966] . There are increasing concerns about the saturation state of CaCO 3 in the world's oceans, as increasing atmospheric CO 2 dissolves in the ocean and decreases oceanic pH and thus the concentration of CO 3 2À [Feely et al., 2004] . This in turn decreases the saturation state of calcite (W calc ), and in particular aragonite (W arag ), the more soluble mineral phase of CaCO 3 . The saturation state is determined as:
where K′ sp is the solubility product for either calcite or aragonite. When W falls below 1, shell and skeleton dissolution of calcifyers can occur, with consequent major biological and ecological implications . Numerous calcifying organisms exist in the Arctic Ocean, and because of its cold temperatures, this region is particularly susceptible to ocean acidification [Steinacher et al., 2009] . Several sites with surface W arag < 1 have been documented within the Western Arctic Ocean and Bering Sea, particularly in regions where river water or sea ice melt appear to have diluted seawater CaCO 3 [e.g., Bates, 2006; Bates et al., 2009; Mathis et al., 2011; Yamamoto-Kawai et al., 2011] .
[6] In this paper, we use the seasonally representative PARTNERS and Arctic-GRO data sets to develop a cohesive, land-to-ocean perspective on the importance and implication of riverine DIC within the pan-arctic region. Specifically, we: (a) calculate a best estimate for DIC flux from each of the six PARTNERS rivers, using the USGS LoadEstimator modeling approach [Runkel et al., 2004] ; (b) use these flux estimates in concert with data on known regulators of riverine DIC to model the land-to-ocean export of DIC throughout the full pan-arctic catchment; (c) develop yearly flux estimates for major weathering constituents, and use these data to assess the weathering source of DIC within these catchments; and (d) assemble climatologies for DIC, alkalinity, and Ca 2+ , and use these, with temperature, to assess the seasonal and geographic variation in the effect of rivers on W arag in the Arctic Ocean nearshore. This work both refines previous estimates, and provides new information that will shed additional light on the importance of riverine DIC within the larger pan-arctic C cycle.
Methods

Sample Collection and Analysis
[7] Constituent concentration data were obtained from the PARTNERS (2003) (2004) (2005) (2006) and Arctic-GRO (data from 2009) project data sets, available online at the Cooperative Arctic Data and Information Service (CADIS) and Arctic Great Rivers Observatory websites (http://aoincadis.ucar.edu; http:// arcticgreatrivers.org). Sampling sites were identical for both projects and located as close to river mouths, but above tidal influence, as possible, at Salekhard (Ob'), Dudinka (Yenisey), Zhigansk (Lena), Cherskiy (Kolyma), Pilot Station (Yukon), and Tsiigehtchic (Mackenzie) . The sample collection scheme was designed to ensure coverage of base flow (under ice), spring melt, and late summer conditions, and emphasized the same sample collection methodology on each of the six rivers [see McClelland et al., 2008] .
[8] The PARTNERS and Arctic-GRO sampling protocol has been described in detail elsewhere Holmes et al., 2012] . The open-water collection scheme was modeled on the USGS equal discharge increment sampling protocol. Five depth-integrated samples were collected across the river channel on each sampling date using a USGS D-96 depth-integrating sampler fitted with a Teflon nozzle and Teflon collecting bag. The samples were combined in a 14-L Teflon churn to form a composite sample intended to account for within-river vertical and horizontal heterogeneity. Under-ice samples were collected near the water surface, from a single, mid-channel hole in the ice. Direct measures of surface water temperature were taken at the mid-channel sampling location. During the open water season, pH was measured on a D-96 depth-integrated sample from the midchannel sampling location. Under-ice pH was measured on near-surface water at the mid-channel sampling hole.
[9] Samples for total alkalinity, major ions, and Sr were immediately filtered through an Aquaprep-600 capsule filter (Pall Corporation, 0.45 mm pore size) into high density polyethylene (HDPE) bottles. Major cation (here, Ca 2+ , Na + and Mg 2+ ) samples were immediately preserved with HCl to pH 2-3. Samples for Sr were filtered directly into TraceClean (VWR) HDPE bottles, which were shipped to sample sites enclosed in a sealed bag, and returned to the bag after sample collection. Collection and analysis techniques for DOC, which was used to calculate the organic anion contribution to alkalinity, are described elsewhere . All samples were shipped refrigerated to Woods Hole, MA, USA, and distributed for analyses.
[10] Total alkalinity was analyzed at the Ecosystems Center in Woods Hole, by titrating samples with 0.16 N H 2 SO 4 using a Hach digital titrator and WTW pH 315i meter equipped with a SenTix 81 probe, calibrated at pH 4.01 and 7.00 (WTW Inc., Gold River CA). Alkalinity was calculated using the Gran method with the online USGS calculator (http://or.water.usgs.gov/alk/). Major cations were analyzed at the Woods Hole Research Center using a Dionex Ion Chromatography system (GP50, AS50 and ED50; Dionex Corp.) fit with an IonPac CS12A analytical column, CG12A guard column, and CSRS Ultra II suppressor, using methanesulfonic acid as the eluent. Anions (Cl À and SO 4 2À ) were similarly analyzed using an IonPac AS14 analytical column, AG14 guard column, ASRS Ultra II suppressor, and sodium carbonate/sodium bicarbonate as the eluent. Sr was analyzed at the University of Southern Mississippi using inductively coupled plasma-mass spectrometry (ICPMS), as described by Shiller [2003] .
[11] For each sample, we calculated carbonate alkalinity by estimating the alkalinity contribution of organic anions and subtracting this estimate from the total alkalinity measurement. The contribution of organic anions was estimated by calculating the charge of dissociated organic anions at the initial and Gran F3 endpoint pH ($pH 4.6) of each alkalinity titration using DOC concentration [Oliver et al., 1983] , and was always small (see section 3.1). DIC was then calculated from carbonate alkalinity and pH using the dissociation constants of Millero [2010] for carbonic acid and Millero [1979] for water. We did not correct our dissociation constants for the ionic strength of these waters because their low ionic concentration, from 0.8 to 5.4 meq L À1 across all rivers and sample dates, is below the range of salinities for which correction factors have been measured (equivalent to a salinity range of 0.04 to 0.27) [Millero, 2010] .
Modeling Constituent Flux From PARTNERS Rivers to the Arctic Ocean
[12] We modeled the load of DIC, alkalinity, major ions, and Sr in the six largest Arctic rivers using the LoadRunner software package [Booth et al., 2007] to automate runs of the USGS LoadEstimator program (LOADEST [Runkel et al., 2004] ). LOADEST uses a time series of paired streamflow and constituent concentration data to construct a calibration regression, which is then applied to a daily discharge record to obtain daily constituent loads (mass day À1 ). The parameters for each of the calibration equations are provided on the CADIS website. We restricted our analyses to exclude all models containing long-term time functions because our short data series did not lend itself to detecting these trends. The Adjusted Maximum Likelihood Estimator (AMLE) was used to fit the calibration equation, and Akaike's Information Criterion was used to choose the model of best fit, with a further assessment to ensure that the slope of the measured: modeled data fit was never significantly different than 1 (a = 0.05).
[13] All discharge measurements were from gauging stations. On the Ob', Yukon, and Mackenzie Rivers, constituent sampling sites were identical to the gauging station location. On the Yenisey, Lena, and Kolyma Rivers, proximate gauging stations were used, at Kyusyur, Igarka, and Kolymskoye, respectively. We corrected for temporal offsets between sampling and gauging locations using the lag-time estimates described in Holmes et al. [2012] .
[14] We obtained daily discharge for a 10 year period between 2000 and 2009 from the ArcticRIMS Project (http://rims.unh.edu) for the Ob', Yenisey, and Lena Rivers, the Water Survey of Canada for the Mackenzie River, and the USGS for the Yukon River. Discharge data for the Kolyma River was provided by Alexander Shiklomanov (Water Systems Analysis Group, University of New Hampshire). For DIC and carbonate alkalinity, LOADEST calibration equations were determined using PARTNERS and Arctic-GRO constituent data from 2003 to 2009. For major ions and Sr, PARTNERS data from 2003 to 2006 were used. In both cases the LOADEST calibration equation was used to extrapolate fluxes to the 10 year discharge data period. Any data gaps in the discharge record were filled by interpolation; there were no gaps during the peak flow period on any river. For the Yukon River, discharge data are from 2001 to 2009, and 9 years of constituent flux are presented.
Extrapolating DIC Flux to the Full Pan-Arctic Basin
[15] We estimated DIC flux to the full Arctic Ocean basin using the runoff data for each of the ten Arctic Ocean sea basins provided in Lammers et al. [2001] (Figure 1 ), in addition to data on lithology, permafrost extent, and glacial coverage. For each of the six PARTNERS watersheds and ten Arctic Ocean sea basins, we calculated the percent coverage of each of the lithologic classes from the Dürr et al. [2005] digital lithologic map, and the percent coverage of each of the permafrost classes from Brown et al. [1998] . Because glacial weathering can be a significant source of inorganic C [Anderson et al., 2000; Striegl et al., 2007] , we also obtained data on the percent glacial coverage within each watershed and sea basin from Kaser et al. [2010] , the World Glacier Monitoring Service [1989] , and the World Glacier Inventory online database housed at the National Snow and Ice Data Center (http://nsidc.org/data/g01130.html).
[16] We predicted DIC flux (Tg C yr À1 ) within each of the major sea basins by using multiple linear regression to correlate DIC yield to runoff, lithology, permafrost extent and glacial coverage within the PARTNERS watersheds, extrapolating the yield relationship to each sea basin area not contained within a PARTNERS watershed, and converting DIC yields to fluxes using the catchment area of each sea basin, as determined from the ArcticRIMS drainage system information. Only significant predictor variables (a = 0.05) were included in our prediction equation, and the best model was selected using Akaike's Information Criterion. Because the extent of glaciers in the Arctic Archipelago is very poorly constrained [Cogley, 2010] and the effect of glacial weathering is likely different in the High Arctic than in more southerly Arctic locations (see further discussion in section 3.3), DIC flux from this sea basin was calculated without this term.
[17] One potential source of error in using the PART-NERS watersheds to extrapolate pan-arctic DIC fluxes is a lack of sample coverage across the western Eurasian and eastern North American Arctic (Figure 1 ). To assess the validity of our model for areas outside the six PARTNERS watersheds, we calculated a weighted mean of the DIC yield from rivers within the relatively limestone-rich Hudson Bay sea basin using the regional discharge and catchment area data reported in Déry et al. [2005] and concentration data from various sources [Environment Canada, 1978; Meybeck and Ragu, 1995] , and compared this to our model-predicted DIC yield from this region. We further compared modeled and literature-reported DIC yields for the Indigirka watershed, which unlike the Hudson Bay region is silicate-rich, almost entirely underlain by permafrost, and contains a relatively high proportion of glaciers [Kaser et al., 2010] .
Assessing the Source of DIC in Major Arctic Rivers
[18] We assessed the weathering-derived source of non-CO 2 DIC (i.e., HCO 3 À + CO 3 2À ) to each of the six PARTNERS rivers using a modification of the inverse modeling approach presented by Gaillardet et al. [1999] , which takes advantage of the fact that weathering of different rock types (e.g., carbonates versus silicates) results in the release of ions in characteristic ratios. The Gaillardet et al. [1999] described in section 2.2. Annual fluxes were corrected for rainwater inputs, and end-members for carbonate, felsic silicate, basaltic, and evaporite rocks were obtained from previously published data as described in the auxiliary material.
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Because weathering ions can be temporarily, and selectively, stored in vegetation after they are weathered, our use of annual flux ratios acts to integrate fluxes over periods of active uptake (e.g., summer) and release via plant decomposition (e.g., spring and fall) [Zakharova et al., 2007] .
[20] Models were run using the Bayesian mixing model platform MixSIR [Moore and Semmens, 2008] , which allows specification of end-members, end-member standard deviations, and multiple mixture (here, river water) data points, and iteratively generates a distribution to describe the range of possible source contributions to the mixture. The model output was converted to source proportions of (HCO 3 À + CO 3 2À ) using the various end-member HCO 3 À /Na + ratios. The model was run multiple times for each river. For all rivers, we ran the model using a base set of end-members with the river water mixture corrected using minimum, mean, and maximum rainwater correction, to allow for a sensitivity analysis of the effect of the rainwater correction on our estimates. For the Mackenzie, Yukon, Ob' and Kolyma Rivers, this base set of end-members included carbonate, felsic silicate, and evaporite rocks. For the Yenisey and Lena Rivers we added a catchment-specific saline groundwater end-member to our base set of end-members. Finally, to assess the possible contribution of basalts to HCO 3 , we ran the model substituting the basaltic for the felsic end-member for rivers that have substantial basaltic rock in their catchment (Yenisey, Lena, Ob' and Kolyma).
Values for each of the end-members are provided in Table S1 in the auxiliary material. We explored the seasonal variation of the effect of river water on coastal aragonite saturation in two ways. First, we calculated monthly climatologies for alkalinity, Ca 2+ and DIC concentration on each of the PARTNERS rivers, by averaging LOADEST concentration outputs (available on the CADIS website) within monthly bins. Second, we used the LOADEST outputs to estimate W arag over an estuarineto-ocean salinity gradient during the spring freshet and latesummer periods. For the freshwater end-member, we calculated the flow-weighted mean concentration of Ca 2+ , alkalinity, and DIC in June, when peak discharge levels cause the maximum dilution of inorganic constituents, and August-September, the end of summer. We did this for three distinct river groupings that display similar within-river concentrations of these constituents (see sections 3.1 and 3.2): the North American rivers (Mackenzie and Yukon), central Siberian rivers (Ob' Yenisey and Lena), and the Kolyma River. The oceanic end-member for Ca 2+ was calculated using the common relationship with salinity [Riley and Tongudai, 1967] . Oceanic alkalinity and DIC were taken as the spring-summer value at the bottom of the polar mixed layer from Bates et al. [2009] (alkalinity = 2240 meq L À1 , DIC = 2100 mmol L À1 ). Alkalinity, DIC, and Ca 2+ were varied linearly with salinity, and CO 3 2À was calculated from alkalinity and DIC using the CO2SYS program [Lewis and Wallace, 1998 ], assuming T = 0 C (see section 3.6 for a discussion of the effect of our temperature assumption). We further calculated K A , the solubility product for aragonite [Mucci, 1983] across the salinity gradient, and determined W arag as in equation (3).
Results and Discussion
DIC Concentration and Flux From the Six Largest Arctic Rivers
[22] The total LOADEST-modeled oceanic flux of DIC from the six largest Arctic rivers was 30 Tg C y À1 (Table 1) . Yearly flow-weighted DIC concentrations were highest in North American rivers (21.5 and 20.6 mg L À1 for the Yukon and Mackenzie, respectively), moderate for Central Siberian rivers (14.1, 10.9, and 9.8 mg C L À1 for the Ob', Yenisey, and Lena), and low in the Kolyma River (7.7 mg L À1 ). These marked differences in concentration caused yearly DIC flux from the relatively low discharge North American rivers to be similar to or greater than DIC flux from Central Siberian rivers, which have considerably higher discharge (Table 1) . Across all rivers, 28% of the total DIC flux occurred during the spring freshet period (May-June), and a further 30% occurred under ice (Nov-April).
[23] The estimated contribution of organic acids to individual measurements of total alkalinity was always small, ranging from 0.3% under ice, when DIC concentrations are high but DOC concentrations are low, to 6-10% during the peak of the freshet, when the opposite pattern occurs. Correction for organic acids decreased the estimate of total LOADEST-modeled DIC flux from the six PARTNERS rivers by $4% (Table S2 in the auxiliary material). Concentrations of DIC calculated from pH and carbonate (i.e., organic acid corrected) alkalinity compare well to direct DIC measurements, which are available for a select number of samples collected on the Yukon River (analyses described in Schuster [2003] ), and during the Arctic-GRO project (analyses described in the online data set at www. arcticgreatrivers.org). Calculated DIC concentrations tend to be skewed low at the highest (under ice) concentrations. Otherwise, the calculated: measured regression line is not significantly different than 1 (t 28 = 0.477, p = 0.637, Figure S1 in the auxiliary material). Riverine DIC concentration shows a clear dilution at high flow, which leads to significant within-river variation in DIC concentration (Figure 2) , ranging from 1.9-fold on the Mackenzie River to 8.0-fold on the Kolyma. Between rivers, measured DIC was highest in North American rivers, and lowest in the Kolyma River (Figure 2) .
[24] LOADEST-modeled daily DIC fluxes were well correlated with directly calculated daily fluxes of DIC, with an r 2 for the measured: modeled relationship from individual rivers ranging from 0.83 to 0.99. The slopes of these relationships ranged from 0.84 to 0.99, and were never significantly different than 1 (a = 0.05). The LOADEST-calculated 95% confidence interval for the mean annual DIC flux was AE1.7 Tg C yr À1 , and ranged from 3.6 to 10.7% of total flux across rivers. Detailed model outputs and model calibrations are available on the CADIS website; the LOADEST model output for each river is presented in Figure S2 in the auxiliary material.
[25] The percentage of LOADEST-modeled yearly DIC flux that was bicarbonate or carbonate (i.e., not present as CO 2 ) ranged from 72% in the Kolyma River to 91-94% in the Yenisey, Lena, Yukon, and Mackenzie ( ) were within 5% of the LOADEST-modeled carbonate alkalinity flux on all rivers (i.e., alkalinity corrected for organic anions; data not shown), in agreement with measured riverine pH (95% of measurements <8.2), which indicates very low within-river CO 3 2À . On all rivers except the Ob', these LOADEST-modeled carbonate alkalinity fluxes lie within 6% of the flow-weighted total alkalinity concentrations calculated by Cooper et al. [2008] , who also used PARTNERS project data. For the Ob' River, our estimates are 17% less than those presented by Cooper et al. [2008] .
[26] Using DOC flux estimates from Holmes et al. [2012] , the ratio of DIC: DOC in the six largest Arctic rivers is 1.7. This is similar to the global DIC:DOC flux ratio, which is estimated at slightly below 2 ($1.9, using the estimated 0. [1987] ). However, the yearly DIC: DOC flux ratios show substantial variation across the Arctic Ocean basin: while DIC fluxes from the North American rivers are disproportionately high, the vast majority of DOC flux comes from Russia Holmes et al., 2012] . As a result, DIC:DOC is notably high in the North American rivers (3.8; combined river fluxes), but only 1.5 in the Ob' and Yenisey and 1.0 in the Lena and Kolyma. The implications of this spatial variation in DIC flux, and DIC: DOC flux ratios, are further discussed in section 3.6 below.
DIC Yields and Extrapolated Flux From the Full Pan-Arctic Basin
[27] Similar to the results for DIC concentration, the relationship between annual water yield (runoff; cm yr À1 ) and annual DIC yield (g C m À2 yr À1 ) differed significantly between the PARTNERS catchments and across the panarctic region (Figure 3) . DIC yields were highest in western North American watersheds, intermediate in Central Siberian watersheds, and lowest in the Kolyma watershed (Figure 3) .
[28] DIC yield was positively related to runoff, the presence of carbonates, and glacial coverage, and negatively related to continuous permafrost extent ( Table 2 ). The DIC prediction equation had an adjusted r 2 of 0.919, and a slope slightly less than 1 (0.920; 95% confidence interval = 0.85-0.99; Figure 4) . The percent coverage of basaltic rocks (Vb from Dürr et al. [2005] ) was not a significant predictor variable, despite a previous global assessment indicating rapid weathering rates for basaltic rocks relative to felsic silicates [Dessert et al., 2003] . Similar to the results of Moosdorf et al. [2011] for North America, the results of our prediction equation may indicate that the weathering history, or age, of basaltic rocks can influence their contemporary contribution to weathering and bicarbonate flux. Within each watershed and sea basin, we calculated a carbonate index as the sum of the median proportion of carbonates in classes Sc (carbonate rocks; 0.8) and Sm (mixed sedimentary; 0.4) [Dürr et al., 2005] multiplied by the percent coverage of that class. This index was a better predictor of DIC yield than class Sc alone, or a more complete proportional carbonate index that also contained rock classes with much lower Figure 2 . DIC concentrations in individual water samples from major Arctic rivers, calculated from carbonate (i.e., organic-ion corrected) alkalinity, temperature, and pH. DIC is plotted against daily discharge normalized to the watershed area (runoff).
carbonate contents (included Sc, Sm, Ss, Su and Lo). The important contribution of class Sm to bicarbonate flux has been shown in several other recent, regional assessments [Hartmann et al., 2009; Moosdorf et al., 2011] . Continuous permafrost was also a better predictor of DIC yield than the sum of all permafrost classes (continuous, discontinuous, sporadic and intermittent), or a permafrost index calculated as the percent coverage of each permafrost class multiplied by the median proportion of permafrost in that class.
[29] Using this prediction equation, we estimate DIC flux from the full Arctic Ocean watershed to be 57.2 Tg C yr À1 , and calculate a conservative 95% error bound of AE9.9 Tg C yr À1 , using the 95% confidence interval calculated by LOADEST for flux from the PARTNERS rivers, and the 95% prediction (rather than confidence) interval from the multiple linear regression model for sea basin areas outside of the PARTNERS catchments (R statistical software package) (Tables 2, 3 , and S3). The few previous estimates of DIC flux from the full pan-arctic catchment are considered somewhat uncertain (see McGuire et al. [2010] , who incorporate the Eurasian flux estimates of Gordeev et al. [1996] and Vetrov and Romankevich [2004] ). Previous flux estimates were based on direct within-river extrapolations from concentration means, which typically include little to no representation of the winter and spring freshet periods, when DIC concentrations vary substantially from summertime values (Figure 2) , which is also $10% of the PARTNERS riverine flux, these estimates are remarkably close to one another using very different methodologies. For DIC, which dilutes at high flow (spring) and increases in concentration during periods of low flow (winter), extrapolating from summertime measurements may potentially provide a reasonable approximation of yearly fluxes, in contrast to the problems related to using summertime measurements to extrapolate fluxes for constituents that become more concentrated with increasing discharge (e.g., DOC) . We do note, however, that there are some large discrepancies between our estimates and the McGuire et al. [2009] estimates at the sea basin scale, with the previous estimates being substantially higher than our Barents Sea estimate (54%), and substantially lower than our North American (33%) and Chukchi Sea (98%) estimates.
Model Validation
[30] To confirm the validity of our prediction model, we compared the modeled DIC yield for the Hudson Bay sea basin to a weighted mean yield derived from literature values. Published measures of DIC concentration range from below 4 mg L À1 for rivers on the northwest and eastern perimeter of the Bay, to greater than 20 mg L À1 for rivers flowing across the limestone rich terrain in the southwest See text for calculation of carbonate index, basalts, permafrost, and glacial coverage. Runoff and DIC yield were calculated from known discharge, watershed area, and LOADEST-modeled DIC flux. NS = not significant; brackets indicate standard deviation of the 10-year time series mean. The model fit is illustrated in Figure 4. b The coefficient for the model intercept is 1.550 (t 54 = 7.305, p < 0.001).
( Figure 5 ) [Environment Canada, 1978; Meybeck and Ragu, 1995] . Of the 35 Hudson Bay rivers listed in Déry et al.
[2005], we were able to locate concentration data for 14, which encompass $80% of the total basin discharge. For rivers for which no concentration data were available, we grouped those outside of the limestone-rich lens into eastand west-shore assemblages and assigned these an average concentration using measurements from rivers within that same geographic area; we assigned rivers flowing over the limestone lens an average concentration calculated from concentrations measured on rivers in this region. Because the literature data that we obtained report bicarbonate concentrations rather than total DIC, and do not consistently report pH, we estimated total DIC concentration within each river by assuming that the proportion of DIC that is bicarbonate in soft water rivers (those outside the limestone-rich terrain) was similar to that on the Kolyma River, and the proportion of bicarbonate in rivers flowing over limestonerich regions was similar to that found in the remaining, relatively bicarbonate-rich, PARTNERS rivers. The Déry et al. [2005] discharge and catchment area values were then used to calculate a weighted mean yield of 2.5 g C m À2 yr
À1
(12 mg L À1 as a flow weighted concentration; Figure 5 ), which is within 20% of the modeled DIC yield of 3.0 g C m À2 yr À1 for this region (15 mg L À1 as a flow-weighted concentration), and well within the 95% prediction interval calculated for the Hudson Bay sea basin (Table 3 and Figure 5 ).
[31] We further compared modeled DIC yields for the Indigirka River to DIC yields derived from the published values of Vetrov and Romankevich [2004] . In contrast to the Hudson Bay region, the Indigirka is dominated by silicate rocks, entirely underlain by permafrost, and has glaciers within its catchment. For the literature derived estimate, we assumed a (HCO 3 À + CO 3 2À ): CO 2 ratio identical to that on the neighboring, and similarly soft water, Kolyma, and calculated DIC yield based on discharge and catchment area data reported in McGuire et al. was 11% less than the estimate of 1.4 g C m À2 yr À1 from literature values. Thus, it appears that our extrapolation model performs reasonably well across a broad range of lithologic, hydrologic, and cryospheric conditions, while our calculated 95% error bound provides a conservative bound on our extrapolated flux estimate.
Controls on Pan-Arctic DIC Flux
[32] The 57 Tg yr À1 pan-arctic DIC flux that we calculate represents 13-15% of global riverine DIC flux [Meybeck, 1987; Aminotte Suchet and Probst, 1995; Gaillardet et al., 1999] . In contrast, the ten Arctic Ocean sea basins contribute $12% of global river discharge (Table 1) [Fekete et al., DIC yield was obtained directly from the LOADEST output, or calculated using the model parameters given in Table 2 for sea basin regions outside of the PARTNERS watersheds. Flux was obtained using sea basin areas derived from the Arctic RIMS database. Brackets indicate AE95% error bound, based on the LOADEST-modeled confidence interval for the PARTNERS rivers, and the 95% prediction interval from the multiple linear regression model. PARTNERS rivers within each sea basin are indicted beside the seas basin name. Full calculation details are provided in Table S3 in the auxiliary material.
b Calculated without the glacial coverage term. Table 2 and regression statistics are given in the text.
2002], indicating that rivers flowing to the Arctic Ocean are slightly above the global DIC mean. While average runoff to the Arctic Ocean is somewhat lower than the global average [Lammers et al., 2001; Fekete et al., 2002] , and silicate weathering rates may decrease with decreasing temperature (reviewed in Louvat et al. [2008] ), the Arctic Ocean catchment is carbonate rich, with the ten Arctic Ocean sea basins containing 20% of the global extent of consolidated carbonates (calculated from Dürr et al. [2005] ). Not surprisingly, given the rapid weathering rate for carbonate rock and its known importance to DIC flux [Meybeck, 1987] , our model indicates that DIC yield is positively related to carbonate rock coverage across these Arctic catchments.
[33] Glacial extent was also a positive predictor of DIC yields in our model. Weathering by temperate glaciers (composed of ice at its melting point; in contrast to coldbased glaciers) is known to significantly increase DIC flux from glaciated catchments, because the production of glacial flour makes dispersed carbonate deposits readily accessible to chemical weathering [Sharp et al., 1995; Tranter et al., 1997; Anderson et al., 2000] . Thus, glacial outlet water that comes into contact with subglacial sediments [e.g., Sharp et al., 1995; Tranter et al., 1997] , and in particular water flowing over proglacial sediment deposits [Anderson et al., 2000] , can be considerably DIC-enriched. Carbonate denudation is so favored in glaciated catchments that the weathering signal and DIC concentration of export waters can mimic that found over carbonate terrains, even when the underlying bedrock is overwhelmingly silicate [Anderson et al., 2000] .
[34] Outside of the Arctic Archipelago and Eurasian Arctic Islands, Arctic glaciers are by far most prevalent in the Yukon River basin, where both DIC and particulate inorganic C (PIC) flux from glaciated catchments is considerable, and approximately 30% of PIC is weathered to bicarbonate during downstream transport . However, we note that glaciers cover only 1% of the Yukon catchment, while the Yukon DIC yield is significantly higher than would be predicted based upon runoff and the apparent extent of carbonate rocks (Table 2) . Thus, it seems probable that rock types not captured in our carbonate index also contribute significantly to DIC flux in the Yukon River basin, likely as a result of the trace minerals that can be contained in many noncarbonate rock types [Hartmann et al., 2009; Moosdorf et al., 2011] . In the Yukon River basin, class Cl (complex lithology) is a good candidate for this discrepancy because it covers nearly 25% of the Yukon basin and is composed of mixed rock associations [Dürr et al., 2005] . A more nuanced, sub-basin specific assessment of DIC origin within the Yukon River watershed would significantly improve our understanding of weathering processes in this region [see also Striegl et al., 2007] .
[35] We did not include glaciers from the Canadian Arctic Archipelago or Eurasian Arctic Islands in our assessment. In part, this was because glacial coverage in the Canadian Archipelago is poorly documented [Cogley, 2010] . However, cold-based and polythermal (mixed cold and temperate ice) glaciers also exhibit fundamentally different glacial flow paths and thus opportunities for water-rock interaction than their temperate counterparts, indicating that the effect of glaciers on DIC flux in the High Arctic may differ from that at more southern Arctic locations such as the Yukon River Basin [Hodson et al., 2000; Wadham et al., 2010] . For example, while the flux of DIC from smaller, entirely coldbased glaciers may be low [Hodgkins et al., 1997; Hodson et al., 2000] , solute flux from the polythermal Antarctic Ice Sheet exhibits DIC concentrations that are double oceanic values [Wadham et al., 2010] , despite theory predicting that large ice sheets should act as barriers to weathering [Kump and Alley, 1994] . While we do not draw conclusions about the current effect of High Arctic glaciers on DIC flux, we note that DIC export from recently uncovered High Arctic proglacial sediments can be as elevated as the proglacial export from more southerly Arctic locations [Wadham et al., 2001] . Thus, the current High Arctic glacial retreat [Gardner et al., 2011] could certainly cause a notable, future increase in DIC flux from this region.
[36] In contrast to runoff, carbonates, and glaciers, the extent of continuous permafrost was a significant negative predictor of DIC yield. Several studies have shown that the presence of permafrost causes a decrease in the export of major ions, because permafrost limits the interaction between rock and surface waters while also blocking mineral-rich groundwater from reaching surface flowpaths (reviewed in Frey and McClelland [2009] ). In the Yukon and Ob' basins, sub-catchments underlain by permafrost have significantly lower concentrations of DIC and other weathering-derived ions compared to their non-permafrost associated counterparts [Frey et al., 2007; Walvoord and Striegl, 2007] . The recent increase in active layer depth through much of the panarctic region [Oelke et al., 2004] , and contemporary increases in base flow and flow from deeper soil horizons documented for several Arctic locations [Walvoord and Striegl, 2007; St. Jacques and Sauchyn, 2009; Keller et al., 2010] , indicate an ongoing transition in the effect of permafrost on DIC flux from Arctic rivers. Across the ten sea basins that we model, decreasing the extent of continuous permafrost by 10% results in a 3-10% increase in DIC flux. In addition, the positive relationship between runoff and DIC flux ( Figure 3 and Table 2 ), suggests that the effect of changing permafrost extent on DIC flux could be amplified by the continued increase in runoff that is expected throughout the pan-arctic basin [Peterson et al., 2002; Déry et al., 2009; Rawlins et al., 2010] . However, given the strong seasonal variation in DIC concentration (Figure 2 ), the magnitude of this effect will depend on when, seasonally, increases in discharge occur.
The Source of DIC to Major Arctic Rivers
[37] Constituent ratios from the six largest Arctic rivers showed a clear pattern of variation that was much stronger between rivers than it was within rivers between years ( Figure 6 ). For all constituents except Cl À , the Yukon, Mackenzie, and Kolyma Rivers lay much closer to the carbonate end-member than the Ob', Yenisey, and Lena. In contrast, Cl À :Na + ratios were high on all rivers except the Yukon and Kolyma, indicating a notable contribution of saline waters to the high Cl À :Na + rivers' solute flux. For the Yenisey and Lena Rivers, Cl À :Na + was typically greater than 1, indicating the presence of saline groundwater in the constituent load [see also Gaillardet et al., 1999] . Because saline waters add high concentrations of both Cl À and Na + , their effect is to depress the constituent: Na ratio for non-Cl constituents, and we include both saline evaporite and saline groundwater as end-members in our models to correct for this effect.
[38] Between 72 and 81% of the total bicarbonate load from the six PARTNERS rivers was modeled to originate from the weathering of carbonate rocks, with the incorporation of a basaltic, rather than felsic, end-member always decreasing the carbonate contribution (Table 4) . Results using the minimum and maximum correction for rainwater were almost identical to each other (average 1.5% difference in carbonate contribution), and thus model outcomes using the mean rainwater correction are presented (Table 4) . On average, these large, Arctic rivers are notably above the global mean of roughly two-thirds of riverine bicarbonate originating from carbonate rock weathering (Meybeck [1987] ; given the assumption that CO 2 consumption by Figure 6 . Na-normalized ratios of weathering ions for the six largest Arctic Rivers. Weathering end-members, and standard deviations for their estimate, are shown for carbonates (carb), basalts (bas), silicates (sil), evaporates (evap), and saline groundwater (SGW) from the Lena and Yenisey basins. Note that not all end-members were used for all model runs. Model results are presented in Table 4 . Standard deviations are given in brackets. Where a range of estimates exists, the lower silicate estimate (higher carbonate estimate) was calculated using the felsic end-member, and the higher silicate estimate (lower carbonate estimate) was calculated using the basaltic end-member. carbonate weathering is balanced by carbonate rock dissolution; Aminotte Suchet and Probst [1995] ; Gaillardet et al. [1999] ). Within rivers, the Mackenzie and Yukon are notably dominated by carbonate weathering, while the Yenisey and Kolyma, which possess a large proportion of basalts, are much more notably influenced by silicate weathering (Table 4) . Although carbonates are sparse in the Ob' River basin (Table 2) , basalts are almost entirely absent, and the relatively low-yield bicarbonate flux is still largely dominated by carbonates (Table 4 ). This result may reflect the presence of trace calcite in the rocks of this catchment, in classifications such as 'complex lithology' or others [Hartmann et al., 2009; Moosdorf et al., 2011] . In the Lena River, carbonates are relatively abundant compared to basalts ( Table 2 ), suggesting that the felsic end-member model with its high contribution from carbonates is a more likely scenario (Table 4) .
[39] For the Mackenzie and Yukon rivers, our finding of a high proportion of (HCO 3 À + CO 3
2À
) flux derived from carbonate rock weathering is very similar to the findings of other authors [Gaillardet et al., 1999; Millot et al., 2003] . For the Ob', Yenisey, and Lena rivers, however, we find a noticeably lower contribution of carbonate rock weathering than in previous work [Gaillardet et al., 1999] , despite our use of similar values for the carbonate and felsic silicate endmembers (detailed in the auxiliary material). In part, this is likely caused by the lower range estimate that results from the inclusion of a basaltic end-member. However, our nonCl À constituent ratios for these central Siberian rivers are also as much as 2.3-fold lower than those used by Gaillardet et al. [1999] , as a result of our use of concentration measurements from across the full seasonal cycle to derive yearly constituent flux estimates, rather than single point measurements of concentration.
[40] Estimating carbonate and silicate rock weathering in these catchments allows us to evaluate weathering-mediated CO 2 consumption within the PARTNERS watersheds. Recently, the oxidative weathering of pyrite (OWP) has been shown to significantly contribute to weathering in the Mackenzie watershed and elsewhere, suggesting that this weathering mechanism may also be underestimated globally [Calmels et al., 2007; Raymond and Oh, 2009] . The OWP results in the formation of sulfuric acid which then instigates rock dissolution without the consumption of CO 2 (equations (5) and (6), for carbonate rocks):
In the Mackenzie basin, OWP is estimated to account for 82% of dissolved SO 4 2À flux, and the heavy load of SO 4 2À in this river (Table 1) , and high proportion of weathering by carbonate rock (Table 4) [Millot et al., 2003] , considerably lessens estimates of weathering-mediated CO 2 consumption [Calmels et al., 2007] . To calculate a minimum estimate of weathering-mediated CO 2 consumption, we allow 82% of the Mackenzie SO 4 2À flux, and all SO 4 2À flux from the remaining PARTNERS rivers, to participate in reaction (6). We then assume that half of the remaining carbonate rockderived HCO 3 À , and all of the silicate rock-derived HCO 3 À , comes from CO 2 fixation (equations (1) and (2)). This results in a CO 2 consumption estimate of 11.9-13.1 Tg C yr À1 . If SO 4 2À is assumed to not be derived from OWP on all rivers except the Mackenzie, then a CO 2 consumption estimate of 14.9-16.1 Tg C yr À1 results.
[41] These estimates range from 44 to 59% of the total (HCO 3 À + CO 3 2À ) flux from these rivers (Table 1) , considerably less than the global average of two-thirds of DIC flux resulting from CO 2 fixation [e.g., Meybeck, 1987] . Although the carbonate-rich nature of these watersheds leads to river water that is relatively concentrated in DIC, it also increases the proportion of DIC that is derived directly from the continental crust. Within individual watersheds, the effect of OWP and the relative proportion of DIC derived from carbonate weathering had a significant impact on the potential aerial yield of weathering-mediated CO 2 fixation. While CO 2 fixation yields were low in the Kolyma, Mackenzie, and Ob' watersheds (range of 0.4-1.0 g C m À2 yr À1 ), they were much higher in the Yenisey and Yukon watersheds (range of 1.6-2.9 g C m À2 yr À1 ). As discussed previously [Calmels et al., 2007] , the Mackenzie River basin stands out as having a particularly low proportion of its bicarbonate flux derived from CO 2 fixation.
Seasonal Variation in Riverine CaCO 3 Flux and Its Effect on Coastal Aragonite Saturation
[42] Mean monthly concentrations of riverine carbonate alkalinity and Ca 2+ show a clear, seasonal trend that varies synchronously across all rivers (Figure 7 ). For both constituents, concentrations were lowest during and immediately after the spring freshet in June, and highest under ice (Figure 7) . Although the pattern for DIC is similar, the wintertime increase in DIC is much more pronounced than for alkalinity (Figure 7) , as a result of organic matter mineralization and CO 2 accumulation with a resultant pH shift under ice. This seasonal augmentation of DIC concentration relative to alkalinity leads in-river wintertime concentrations of CO 3 2À to fall to near zero levels in all rivers, despite high under-ice carbonate alkalinity concentrations (data not shown).
[43] Previous authors have calculated that riverine-influenced nearshore areas should be particularly susceptible to the effects of ocean acidification , because river water typically has lower carbonate and bicarbonate concentrations than the ocean, and thus the ongoing depression in W arag caused by oceanic absorption of CO 2 is compounded on riverinfluenced shelves [Salisbury et al., 2008; Aufdenkampe et al., 2011] . In the Arctic, which is particularly susceptible to the effects of ocean acidification [Steinacher et al., 2009] , plumes of water with low W arag have been noted at the mouths of both the Mackenzie and Yukon Rivers [Chierici and Fransson, 2009; Mathis et al., 2011] , while waters at depth in the East Siberian Sea have also been shown to have notably low W arag [Anderson et al., 2011] . We constructed theoretical mixing curves for W arag across surface water estuarine gradients, to explore seasonal and geographic patterns in riverine influence on W arag in the Arctic Ocean. Curves were constructed for spring and late summer at salinities between 10 and 32. To specifically explore the effect of river water on coastal W arag , we ignore the potential effect of sea ice melt in our calculations (but see Conclusions). Across all rivers, and in both seasons, the flux of river water caused W arag to be under-saturated across broad estuarine gradients (Figure 8 ). However, there was notable seasonal and regional variation in the reach of under-saturation. Within rivers, the W arag end-member was always more dilute in the spring than in the late summer (Figure 8 ). Between rivers, W arag was highest for North America, and lowest for the Kolyma River. Because of the uncertainty of a wintertime oceanic end-member for alkalinity and DIC, we do not display an estuarine mixing curve for wintertime conditions in Figure 8 . However, even assuming a wintertime oceanic W arag that is higher than our spring/summer end-member (under-ice oceanic DIC = 2230 mmol L À1 [Bates, 2006] and pCO 2 = 225 matm [Bates, 2006; Cai et al., 2010] ) nearshore W arag is considerably depressed in the winter compared to the spring and summer: at a salinity of 10, wintertime W arag is 0.0 offshore of the Kolyma River, and 0.1 for North American rivers and central Siberia. In all cases, the theoretical wintertime zone of W arag < 1 extends farther into the estuarine plume than for the spring or summer. Constructing our spring and later-summer mixing curves at 20 C (the maximum temperature observed in these rivers, but certainly high for offshore regions), decreases the region of W arag < 1 between 1 and 4 salinity units, but increases divergence between rivers because the effect is smallest on the Kolyma, and largest for North America. Given that maximum river (and ocean) temperatures occur in the late summer, seasonal temperature variations will also accentuate the seasonal patterns in W arag that we show in Figure 8 .
[44] These findings mirror the observations described by Mathis et al. [2011] , who found a sizable zone of W arag < 1 at the mouth of the Yukon River in the spring, but not in the late summer. One of the fundamental assumptions of these mixing curves, however, is that DIC and alkalinity mix conservatively across the estuarine gradient, despite the fact that the outgassing or biological uptake/production of CO 2 could render this assumption incorrect. For North American rivers, pCO 2 values calculated along these mixing gradients fall below atmospheric equilibrium at salinities between $10 and 15, which roughly mirrors values found at similar salinities in the Beaufort Sea at times when sea ice melt is minimal [Mucci et al., 2010] . In contrast, pCO 2 along our central Siberian mixing gradient is significantly lower than what has been observed at similar salinities in situ: while our Monthly mean riverine concentrations of alkalinity, Ca 2+ and DIC from major Arctic rivers, with error bars indicating 5th and 95th percentiles of LOADEST daily concentration estimates. mixing curves result in pCO 2 below atmospheric equilibrium at all but the lowest salinities (<13), partial pressures in the Laptev and East Siberian Seas have been observed to be above equilibrium at salinities as high as $30 Alling et al., 2010] .
[45] In part, these anomalies are likely derived from patterns in DIC and DOC export and coastal erosion across the pan-arctic region. While DIC, alkalinity, and coastal W arag are highest for North American rivers (Figures 7 and 8 ) DOC flux and riverine DOC concentrations are substantially higher in Eurasia Holmes et al., 2012] , and inputs of particulate organic matter from coastal erosion are also substantial along the Siberian coast [Vonk et al., 2010; Sánchez-García et al., 2011] . In the North American nearshore, therefore, mineralization of terrigenous organic matter to CO 2 should be low, and its effects buffered by higher alkalinities, when compared to the Siberian Arctic. In contrast, the substantial input of terrestrial organic matter from Siberian rivers and coasts decays rapidly in the nearshore region [Alling et al., 2010; Letscher et al., 2011; Sánchez-García et al., 2011] , and augments coastal pCO 2 substantially . Thus, terrigenous inorganic and organic C appear to act interactively over Arctic shelves. Variation in DIC:DOC export and coastal erosion across the pan-arctic region should accentuate the regional W arag patterns that we show in Figure 8 , with coastal W arag likely even lower over the Siberian shelves than we calculate by taking only the inorganic component of the C cycle into account. Although sizable areas of W arag < 1 have been measured for the Canada Basin and Beaufort, Chukchi, and Bering Seas [e.g., Bates, 2006; Bates et al., 2009; Mathis et al., 2011; Yamamoto-Kawai et al., 2011] , surface water W arag is much less well documented over the Siberian shelf seas (but see Anderson et al. [2011] ).
Conclusions
[46] The seasonally distributed and multiyear data sets that have resulted from the PARTNERS and Arctic-GRO sampling campaigns have enabled us to provide significantly improved flux estimates for DIC and other weathering constituents from the largest Arctic rivers. Compared to other world rivers, these large Arctic rivers are generally DIC-rich, and DIC comprises a strong majority of the dissolved C flux from the pan-arctic watershed. In addition to lithology, DIC flux from these watersheds is controlled by several factors that are known to be changing with climate: runoff [Rawlins et al., 2010] , permafrost extent [Oelke et al., 2004] , and glacial coverage [Gardner et al., 2011] . Both increasing runoff and decreasing permafrost extent are expected to increase DIC yields [Raymond and Cole, 2003; Walvoord and Striegl, 2007] . Over the short-term, glacial retreat could also increase DIC flux by increasing the extent of proglacial sediments, which are particularly vulnerable to weathering [Anderson et al., 2000; Wadham et al., 2001] . This, in turn, has clear implications for the magnitude of CO 2 fixation via weathering on land, and the impact of DIC in the coastal Arctic Ocean.
[47] Currently, fluxes of DIC and Ca 2+ to the coastal Arctic Ocean universally cause river-influenced shelves to be under-saturated in aragonite. Over the full extent of the Arctic Ocean, the effect of sea ice melt on W arag is expected to be much greater than the effect of river water, because of the greater volume of meltwater relative to river water, and its extremely dilute nature [Yamamoto-Kawai et al., 2009] . However, we show that the impact of river water will be highest during periods when sea ice melt is minimal, indicating that the delivery of river water to nearshore regions may work to cause sizable regions of under-saturation throughout the annual cycle. In addition, our results suggest that undersaturation should be much greater for riverine-influenced Siberian shelves than for their North American counterparts, indicating a clear need for better in situ measurements of W arag in this region. Because the PARTNERS and Arctic-GRO projects provide measurements that are seasonally distributed and collected and analyzed using identical techniques on all rivers, the estimates that we present provide an important baseline for the assessment of future change.
